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Abstract – Marine Protected Areas (MPA) are often contemplated as a tool for the sustainable management of ex-
ploited resources and ecosystem conservation. This paper proposes an approach to establish a statistical diagnostic of
the eﬀects of MPAs on fish assemblages, and define corresponding ecological indicators. This requires choosing relevant
variables (abundance, diversity, demographic parameters. . . ) and appropriate statistical methods. The study was based
on data from the Abore reef Reserve in New Caledonia. Two sets of methods: 1-inferential linear models (ANOVA,
GLM); 2- Partial Least Squares (PLS) methods of regression, were used to test the eﬀects of this MPA. PLS enabled
us to test simultaneously within a model, density, species richness, biomass and mean size variables of fish community
to retain the most sensitive and relevant ones. Habitat variability was also taken into account in these models. Species
were grouped according to several criteria: 1- feeding habit; 2- taxonomy; 3- mobility; 4- adult size; 5- demographic
strategy. No significant eﬀect of the opening of the Abore reef to fishing was found for mobility. Feeding habit was the
only criterion for which the results from the inferential models and PLS showed a significant eﬀect of reserve status
for all variables. Species richness, density, and to a lesser extent mean size, were sensitive to the removal of reserve
status, but not biomass. Results from ANOVA and PLS regression were consistent but the latter allows a more holistic
approach as it integrates all variables within a single model.
Key words: Marine protected areas / Fish / Coral reef / Fishing impact / Ecological indicators / PLS regression /
New Caledonia
Résumé – Vers la définition d’indicateurs écologiques de l’impact de la pêche sur l’assemblage spécifique des
poissons de la réserve Aboré (Nouvelle-Calédonie). Les Aires Marines Protégées (AMP) sont de plus en plus consi-
dérées comme des mesures de gestion alternative permettant à la fois une gestion durable des ressources exploitées et
la conservation des écosystèmes. Nous proposons une approche pour définir des indicateurs synthétiques et permettre
un diagnostic statistique de l’eﬀet des AMP sur les peuplements. Ce travail passe par le choix de variables pertinentes
(abondance, richesse spécifique, paramètres démographiques, etc.) et de méthodes statistiques appropriées. Cette étude
a été réalisée sur la réserve du récif Aboré en Nouvelle-Calédonie. Les données issues de deux campagnes scientifiques
menées sur ce récif sont utilisées pour tester globalement l’eﬀet des AMP grâce à des modèles linéaires inférentiels
(ANOVA, GLM), et par des méthodes de régression PLS (Partial Least Squares). Ces dernières permettent de confron-
ter dans un même modèle quatre variables (densité, richesse, biomasse et taille moyenne des poissons), afin de retenir les
plus sensibles et les plus pertinentes pour l’évaluation de l’impact de la réserve. La variabilité de l’habitat est également
prise en compte dans la modélisation. Les espèces sont regroupées selon plusieurs critères : 1- le régime alimentaire ;
2- la taxonomie ; 3- la mobilité ; 4- des caractéristiques démographiques ; 5- des caractéristiques de taille. Les espèces,
quel que soit leur mobilité, n’apparaissent pas aﬀectées par l’ouverture à la pêche du récif Aboré, qu’elles soient sé-
dentaires ou très mobiles. Seul le critère trophique révèle un eﬀet du changement de statut Réserve/Non Réserve pour
toutes les variables, à la fois d’après les modèles inférentiels et les régressions PLS. Les résultats des modèles infé-
rentiels et des régressions PLS montrent que la richesse spécifique et la densité sont les variables les plus sensibles à
l’impact de l’ouverture à la pêche. La taille moyenne est également bien modélisée sur l’ensemble des résultats mais
pas la biomasse. Les résultats d’ANOVA et de régression PLS sont cohérents mais la régression PLS permet d’intégrer
toutes les variables dans un même modèle.
a Corresponding author: dpellet@ifremer.fr
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1 Introduction
Coral reef ecosystems are characterised by a large fauna
and flora diversity. These ecosystems are complex and fragile
and they are threatened by anthropogenic (e.g. demographic
development, urbanisation and tourism) and natural pertur-
bations. In New Caledonia, industrial activities in particular
open pit mining and agricultural activities, the development
of tourism and the increase of urbanisation have negative im-
pacts on the reef systems (Labrosse et al. 2000). A substantial
economic activity is supported by the lagoon resources, either
directly (fishing), or indirectly (selling of fishing gear, fuel,
boats, etc.) (Boncoeur 2002). Lagoon resources also have a
major cultural and recreative importance for the three main
local ethnic groups (Melanesian, European and Polynesian)
(Leblic 1999). Fishing practices are diverse due to cultural,
ethnic or socio-economic factors. Most lagoon fishing is done
from small boats or from the shore, and subsistence and recre-
ative fishing catch more fish than commercial exploitation.
Such coastal ecosystems and fish communities must be
protected from anthropogenic influences. Marine Protected
Areas (MPAs) are a conservation tool aimed at protecting, even
temporarily, part of the ecosystem from human influence with
the purpose of restoring both fish communities and habitat.
MPAs have good records as management and protection mea-
sures that conserve and allow regeneration of ecosystems reefs
(Agardy 1994, 2000; Sumaila et al. 2000; Wantiez et al. 1997).
Establishment of MPAs results in eﬀects inside the re-
serve and induced eﬀects outside the reserve (Bohnsack 1990;
Roberts and Polunin 1991; Zeller et al. 2003). The assessment
of these eﬀects has motivated a large number of studies. Most
of them consider only a restricted number of species and evalu-
ate eﬀects per species. Sometimes, species are grouped on the
basis of taxonomic criteria (e.g. Alcala 1988; Jennings et al.
1996; Letourneur 1996; Wantiez et al. 1997) or feeding habits
(Russ and Alcala 1996; Chiappone et al. 2000). We are not
aware of studies considering the whole fish assemblage. Most
studies evaluate the eﬀect of MPAs on density, biomass or
mean size and show positive results for these variables inside
the reserve compared to outside. For species richness results
may not be generalized as they vary from case to case. Re-
serve eﬀects which are most striking for commercial species
(Bohnsack 1990; Bohnsack et al. 1994; Chiappone et al. 2000;
Francour 1994; Russ and Alcala 1998) are sometimes mit-
igated due to other factors that may influence the structure
of fish assemblages, like habitat or interspecific relationships
(Polunin and Roberts 1993; Grigg 1994). Thus, accounting for
habitat is particularly relevant to analyse and understand the
spatio-temporal variations of fish communities (Sale 1998).
The evaluation of the MPA’s impact in the perspective of
monitoring fish communities may be linked with the search of
ecological indicators. We here define an indicator as a func-
tion of observations, which value indicates the present status
and/or dynamics of the system of interest (FAO 1999). Indi-
cators may be used to establish diagnostics and evaluate risks
related to changes in the system. For instance, the index of
biotic integrity of Karr (1981) quantifies the level of pertur-
bation of a fish community. In recent years, indicators have
become an important issue in environmental sciences, e.g. in
fisheries science (Garcia et al. 2000). Defining indicators of
MPA eﬃciency requires finding the most relevant biological
variables to depict reserve eﬀect.
In the present paper, a statistical approach is proposed to
define indicators for monitoring the fish community of the
Abore reef reserve (New Caledonia). This reserve had been
in place for 3 years, when part of it was opened to fishing
for two years, then closed again. Our approach considers the
whole community and accounts for habitat. We wish to deter-
mine which of the variables density, biomass, mean size and
species richness are the most relevant to evaluate the impact
of this opening to fishing, i.e. the most sensitive to this impact.
To account for the whole fish assemblage, these variables were
estimated for several species groups, based on several criteria
linked to life history traits and behaviour. Two diﬀerent statis-
tical models were used for evaluating this impact, linear mod-
els (ANOVA and GLM) and PLS regression. They allowed us
to test the eﬀect of the removal of reserve status on the fish
community, and to suggest appropriate ecological indicators.
2 Marine reserves in New Caledonia
The New Caledonia archipelago is located in the
SouthWestern Pacific at the tip of the Melanesian Arc. The
total area of the mainland and surrounding islands amounts
to 19 100 km2 and corresponding coral reefs surface is
8000 km2(Dandonneau et al. 1981). The New Caledonia bar-
rier reef is the second largest in the world (after the Great
Barrier Reef) with a length of 1600 km. Located near the Indo-
Pacific Center of Biodiversity, the terrestrial and coastal ma-
rine biodiversities are very high compared to other islands in
the South Pacific. The coral reef ecosystem can be divided into
three major reef types that show significant diﬀerences in their
fish assemblages (Kulbicki 1997): coastal fringing reefs, in-
termediate reefs in the lagoon, and the barrier reef separating
the lagoon from the ocean. Abore reef (148 km2) is part of this
barrier reef. It is 25 km long and 18 km oﬀNoumea, the largest
city with more than 100 000 inhabitants.
In New Caledonia, there are 3 kinds of fisheries: oﬀshore,
coastal and lagoon fisheries. Marine reserves concern only
the lagoon fishery. This fishery targets mainly the following
families: Acanthuridae, Scaridae, Lethrinidae, Lutjanidae and
Serranidae. The major gears are spear gun, handlines, trolling
and gillnets. Catch is mostly for subsistence and to a lesser ex-
tent for sale on local markets (Virly 2001). In New Caledonia
marine reserves have been established to preserve coral reef
habitats, their resources, and their uses (fishing, recreative
activities and tourism) (Sarramegna 2000). Presently, all 16
existing MPAs of New Caledonia are located in the South
Province. The Department of Natural Resources relies on sci-
entific assessment to justify the closure of particular zones
by local authorities. For this purpose, they are interested in
ecological indicators to monitor habitats and resources. The
University of New Caledonia has been monitoring all the
MPAs in the South West lagoon since 1990 with surveys every
4 years on a number of selected sites within and next to these
MPAs. The present paper focusses on the Abore reef reserve.
Its status changed over years. From 1990 to 1993, it was one
among three areas included in a system of rotational closures
on the barrier reef. Every three years, two of the three reserves
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within the system were opened to fishing, while the third one
(which happened to be Abore during these years) was closed.
This system was abandoned in August 1993. At that date, two
thirds of Abore reef were opened to fishing, the remaining third
kept as an MPA. A survey was implemented to follow the fish-
ing pressure and its impact (Sarramegna 2000). The biomass
accumulated over the three year closure was fished within a
few weeks because of a strong fishing pressure. This revolving
system was abandoned and it was decided to close the entire
Abore reef to fishing in August 1995. Pelletier et al. (2004)
assessed the impact of the opening to fishing on fish density.
In the present paper, we were rather interested at an overall
assessment involving several variables, in the view of defining
indicators of fishing impact.
3 Materials and methods
3.1 Data
To monitor the impact of the change in reserve status due
to the partial opening to fishing of Abore reef, a survey was
conducted right before its opening (in July 1993) and before
the final closure (in July 1995). The sampling design relies
on a stratification of the reef cross-section into reef flat, in-
ner slope and lagoon (Kulbicki et al. 1996). These correspond
to distinct habitats that can explain diﬀerences in observed
fish communities; 69 stations were surveyed in total. Stations
were randomly sampled within a given stratum. At each sta-
tion, an Underwater Visual Census (UVC) was conducted by
two scuba divers along a 50 m linear transect. Each fish ob-
served was identified at the species level and the abundance
per species was estimated by the distance sampling method
(Buckland et al. 1993; Kulbicki and Sarramegna 1999). Den-
sity (in number of individuals m−2), biomass (in g m−2) and
size distribution were estimated for each species.
3.2 Methods
Because station locations could not be matched between
1993 and 1995, spatial variation due e.g. to habitat heterogene-
ity was accounted for in the analysis by assigning transects to
habitats. This was achieved by a cluster analysis of 67 stations
relying on environmental data (Pelletier et al. 2004) (Table 3).
This description of habitat was considered to be more precise
than the initial stratification based on geomorphology.
A large number of species (374) was observed during the
survey. This very high diversity, typical of coral reefs, made it
diﬃcult to study the impact of marine reserves at the species
level. So, species were grouped on the basis of species traits
that may be a priori relevant to explain reserve impact. The cri-
teria considered were mobility (Grimaud and Kulbicki 1998),
feeding habits defined by Kulbicki et al. (1994), taxonomy,
adult size and life history traits (LHT) (Kulbicki et al. 1996)
(Tables 1 and 2). For taxonomy only nine families were re-
tained (Table 1) (41 families were recorded during the survey)
either because they account for most of the fish abundance or
because they are primary targets for fishers, i.e. 246 species
(82% of total density). For each criterion, density, species rich-
ness, biomass and mean size per transect were estimated per
species group.
The impact of the opening to fishing on fish community
was first evaluated from fixed-eﬀects linear models. A model
was fitted separately for each criterion and each variable i.e.
density, biomass, species richness and mean size. Qualitative
variables were introduced in the model to explain previous
variables, i.e. a habitat factor (5 levels, Habitats 1 and 2 in
Table 3 were merged), a year factor (2 levels 1993 and 1995),
a reserve area factor (2 levels: A and B, A for transects located
in the area closed since 1990, and B for transects located in
the area open to fishing between 1993 and 1995), and a species
group factor. The number of levels of this last factor depended
on the criteria specified here above (Tables 1 and 2). In a given
model, the impact of the opening to fishing of area B was tested
through interaction terms involving the reserve area and year
factors. Among these terms, if there was only a significant in-
teraction between reserve and year, the eﬀect of the opening
of fishing was the same for all species groups and habitats.
In contrast, when there was a significant interaction between
reserve, year and species group, the eﬀect of the opening of
fishing diﬀered among species groups.
Mean size was modelled through an ANOVA model, while
a log-linear model was used for density and biomass. Species
richness was modelled from a GLM with a Poisson distri-
bution. Models were selected to retain only significant terms
(Venables and Ripley 1997). Multiple comparisons were used
to test for diﬀerences in variables between areas and years,
possibly depending on species group. This enabled us to as-
sess the sign of the diﬀerences.
Linear models allowed to assess the eﬀects for each vari-
able separately. In order to compare the eﬀect of the opening
to fishing simultaneously on several variables a diﬀerent type
of model was needed. Partial Least Square (PLS) regression
(Tenenhaus 1998) makes it possible to test simultaneously the
eﬀects of several factors on a set of Y variables. This way,
the eﬀects of factors may be evaluated and compared across
Y variables. PLS regression relies on the NIPALS algorithm
(Wold 1966). This algorithm seeks to maximise the covariance
between a linear combination of the dependent (Y) variables,
and a linear combination of the explicative (X) variables. This
criterion is similar to that of Canonical Correlation Analysis,
but PLS regression allows in addition to predict dependent
variables from the model and requires no hypothesis on the
distribution of the X variables. In addition, missing data are al-
lowed by the NIPALS algorithm. The PLS prediction model is
expressed as a linear combination of uncorrelated components
that are ordered according to the variance they account for. The
PLS regressions were performed with the SIMCA-P software
version 10.0 (Umetrics, Inc.).
In this analysis, PLS regressions were used to model den-
sity, biomass, size and species richness as a function of the fac-
tors already used in linear models. Qualitative variables (habi-
tat, year, reserve area and species group factors) were coded as
binary variables, with one variable for each category of pos-
sible factor combinations (also called disjunctive coding). A
PLS model was fit for each criterion used for grouping species.
For each criterion, we compared the variance explained by
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Table 1. Criteria and species groups considered. For each criterion, all species were assigned to a group, except in the case of taxonomy for
which only nine families were retained in the study (the most abondant and target fishes).
Trophic Mobility Taxonomic Adult size
Space occupation family
Piscivores (Pi) Territorial (Ter) Acanthuridae 0−7 cm (S)
Macrocarnivores (MC) Sedentary (Sed) Chaetodontidae 8−15 cm (M)
Microcarnivores (mC) Weak mobility (Wmb) Labridae 15−50 cm (L)
Coral feeders (Co) High mobility (Hmb) Lethrinidae >50 cm (XL)
Herbivores (He) Lutjanidae
Microalgae feeders - Pomacentridae
detritivores (mAD) Scaridae
Zooplankton feeders (Zoo) Serranidae
Siganidae
Others















1 1 high high 0.5−3 <30
2 1−3 first high, then medium 3−7 <30
medium
3 2−3 medium medium 3−7 <30
4 late first high, then low 7−12 <30
low
5 late first high, then low 7−12 30−50
low
6 very late low very low >12 50−100
each variable, and global model fits were compared across cri-
teria. Projections of Y and X variables on the two main com-
ponents made it possible to evaluate similarities between the
variations of Y variables, and to identify the relationships be-
tween the Y variables and the X variables, i.e. the categories of
combinations of reserve, year and species group factors, e.g.
the category area A*year 1993 * piscivore. Such projections
provide a graphical representation of results that is most help-
ful to visualize simultaneously many categories and variables.
4 Results
ANOVA and GLM fits were generally good for all crite-
ria and all variables (Table 4), the residuals of these models
conforming to the Gaussian assumption. The models with the
lowest fit were those related to the mean size and biomass of
taxonomic groups, and species richness of adult size groups
Note that model goodness-of-fit varied from one criterion
to the other, but that it was generally similar across criteria
for a given variable. The variances explained by PLS mod-
els for each variable (Table 5) were found to be consistent
with ANOVA and GLM. The best global fits (last column in
Table 5) were obtained for the trophic and mobility criteria.
Table 3. Mean of environmental variables per habitat category. Values
are expressed in percent cover of the ground for substrate, and for
epibenthos variables (Pelletier et al. 2004).
Habitat
hab1 hab2 hab3 hab4 hab5 hab6
Nb. of stations 14 3 20 11 11 8
Depth (m) 1 8 2 1 6 8
Sand (%) 2 2 6 3 48 12
Gravel (%) 7 7 18 55 9 10
Boulder (%) 7 30 34 22 9 9
Beach rock (%) 84 62 41 18 27 18
Coral patch (%) 0 0 0 1 6 50
Algae (%) 14 58 11 8 3 9
Living coral (%) 4 3 2 1 5 37
The combination of mean size variable and adult size criterion
led to a very good fitting due to the correlation between the
variable and the criterion. This was also valid to a lesser extent
for the LHT criterion which includes size considerations.
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Table 4. R-squares of ANOVA and model deviances of General Lin-
ear Models for each variable (mean size, biomass, density, species
richness) and each criterion (trophic, mobility, taxonomy, LHT, adult
size).
Criterion ANOVA GLM
Mean size Biomass Density Species
Richness
Trophic 61 56 78 83
Mobility 70 62 64 87
Taxonomy 38 49 74 86
LHT 86 50 65 87
Adult size 88 53 60 45
Table 5. Percent variance explained for each variable by the PLS
model for each criterion. The last column corresponds to the global
fit, i.e. the percent variance over all variables explained by the model.
Mean Biomass Density Species Total
size Richness
Trophic 65 56 74 83 70
Mobility 72 59 61 84 69
Taxonomy 43 53 67 84 62
LHT 39 50 67 84 60
Adult size 85 54 54 42 59
For both linear and PLS models, best fits were obtained for
the species richness variable. Mean size and density performed
equally well, while biomass led to slightly less good fits. More-
over, models reveal several significant eﬀects of habitat.
Significant eﬀects of fishing were found for many com-
binations of criteria and variables (Table 6). For the trophic
criterion, a significant eﬀect was found for every variable. On
the opposite, no significant eﬀect was found for mobility. For
other criteria, results depended on the variable. Overall, more
significant eﬀects were evidenced with mean size and species
richness than with other variables.
Species richness appeared to be impacted by fishing ir-
respective of criterion categories, i.e. there were only 1st or-
der eﬀects. For all criteria, species richness was found to de-
crease in the open area B, while in the closed area A it either
increased (adult size criterion), remained unchanged (trophic
and taxonomic criteria), or decreased less in A than in B
(LHT criterion). For mean size and density, significant eﬀects
of fishing were specific to criterion categories (2nd order ef-
fects). Fewer significant eﬀects of fishing were found with the
biomass variable.
Model results for density per trophic group showed 1st
and 2nd order eﬀects, which means that density variation
due to reserve status depends on trophic categories (Fig. 1a).
Significant eﬀects (p < 0.1) were obtained for piscivores, her-
bivores and macrocarnivores. For piscivores and herbivores,
the density decrease between 1993 and 1995 was lower in the
protected area A than in the area B open to fishing. In con-
trast, for macrocarnivores, density decreased in B, but slightly
increased in A. Hence, for these three groups, results may be
Fig. 1. Diﬀerences in density as predicted by the ANOVA mod-
els in the case of (a) trophic and (b) taxonomic criteria. Pi:
Piscivores, He: Herbivores, mAD: Microalgae feeders detritivores,
MC: Macrocarnivores, mC: Microvarnivores, Zoo: Zooplankton feed-
ers, Co: Coral feeders. Siga: Siganidae, Lethri: Lethrinidae, Acan:
Acanthuridae, Scari: Scaridae, Labri: Labridae, Serra: Serranidae,
Chaeto: Chaetodontidae, Poma: Pomacentridae. ** spatial variation
or temporal variation significant at 0.05 level.
seen as a positive impact of protection by reserve status. Model
results for density per taxonomic family also showed 1st and
2nd order eﬀects, which means that density variation due to re-
serve status depended on families (Fig. 1b). Significant eﬀects
(p < 0.1) were obtained for Lethrinidae, Acanthuridae and
Siganidae. For Lethrinidae, density increased in A between
1993 and 1995, while it decreased in B during the same period.
For Siganidae, the density decrease between 1993 and 1995
was lower in A than in B. In contrast, Acanthuridae density
significantly increased in B but decreased in A. Hence, a pos-
itive impact of protection by reserve status was observed for
Lethrinidae and Siganidae, but an apparently negative eﬀect
was observed for Acanthuridae. Model results for other crite-
ria did not exhibit 2nd order eﬀects. For the adult size criterion,
a significant 1st order eﬀect was evidenced, i.e. density varia-
tion was the same for all categories. This eﬀect corresponded
to an increase in A and a decrease in B, i.e. a positive eﬀect
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Table 6. Impacts of fishing estimated from ANOVA and GLM models. The 1st order eﬀect correspond here to a significant interaction between
the factors area and year. The 2nd order eﬀect corresponds here to a significant interaction between the factors area, year and species group.
The eﬀect was reported as non-significant when p was larger than 0.1.
Criterion Density Mean size Biomass Species Richness
Trophic 1st order (0.00) 1st order (0.07) 1st order (0.02) 1st order (0.04)
2nd order (0.06)
Mobility no eﬀect no eﬀect no eﬀect no eﬀect
Taxonomy 1st order (0.00) no eﬀect no eﬀect 1st order (0.00)
2nd order (0.00)
LHT no eﬀect 1st order (0.00) 2nd order (0.04) 1st order (0.02)
2nd order (0.00)
Adult size 1st order (0.02) 1st order (0.03) no eﬀect 1st order (0.07)
2nd order (0.01)
of reserve status. For mobility and LHT criteria, no significant
eﬀect was found; hence there was no significant variation of
density due to reserve status.
For the mean size variable, model results with LHT crite-
rion showed 1st and 2nd order eﬀects, so mean size variation
depended on LHT categories. The 2nd order eﬀect was found
significant for all categories (Fig. 2a). The mean size of cat-
egories 1, 5 and 6 increased inside A and decreased in B be-
tween 1993 and 1995, which corresponds to a positive eﬀect
of reserve status. These categories include small short-lived
species (category 1), and medium and large long-lived species
(categories 5 and 6). For category 4 (small long-lived species),
mean size slightly decreased in A and increased in B, therefore
the eﬀect of reserve status may be seen as negative. For cate-
gories 2 and 3 (small species with intermediate LHT features),
mean size increased slightly more in B than in A, which would
mean a negative eﬀect of reserve status. Model results with the
adult size criterion also showed 1st and 2nd order impacts, so
mean size variation depends on adult size categories. The 2nd
order eﬀect was found significant for the large species cate-
gory (Fig. 2b). Thus, between 1993 and 1995, the mean size
of large species increased in A and decreased in B, leading to
a positive eﬀect of reserve status. For the trophic criterion, a
significant 1st order eﬀect was evidenced, i.e. mean size vari-
ation was the same for all categories. This eﬀect corresponded
to an increase in A and a decrease in B, i.e. a positive eﬀect of
reserve status. For mobility and taxonomy criteria, no signifi-
cant eﬀect was found; hence there was no significant variation
of mean size due to reserve status.
Regarding biomass, model results with the LHT criterion
showed 2nd order eﬀects. A significant 2nd order eﬀect was
found for category 6 (large long-lived species) (Fig. 3). For
this category, biomass decreased between 1993 and 1995, but
less in A than in B. This eﬀect may be seen as a positive eﬀect
of reserve status.
For the trophic criterion, a significant 1st order eﬀect was
evidenced, i.e. biomass variation was the same for all cate-
gories. Biomass was found to decrease in both areas, but more
in B than in A, which corresponds again to a positive eﬀect of
reserve status. For mobility, taxonomy and adult size, no sig-
nificant eﬀect was found, hence there was no significant varia-
tion of biomass due to reserve status.
Fig. 2. Diﬀerences in mean size as predicted by the ANOVA models
in the case of (a) LHT, life history traits, and (b) adult size criteria.
LHT 1 – LHT 6: see Table 2. S: 0-7 cm, M: 8-15 cm, L: 15-50 cm,
XL: >50 cm. ** spatial variation or temporal variation significant at
0.05 level.
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Fig. 3. Diﬀerences in biomass as predicted by the ANOVA models in
the case of life history traits (LHT) criterion. ** spatial variation or
temporal variation significant at 0.05 level.
PLS models including all four variables were then ex-
amined. The first two components of the PLS model cap-
tured between 55% and 61% of the total variance depend-
ing on the criterion (Figs. 4 and 5). Projections of variables
showed in all cases density and richness being consistently
well-represented by the first component, whereas mean size
was either opposed to the latter (for adult size and LHT crite-
ria) or well-represented on the second component (for trophic
and taxonomy criteria). Biomass was generally not well ex-
plained by the PLS models. Global fits were best for the
trophic and mobility criteria (Table 5). Projections of variables
corresponding to combinations of categories of species group,
year and area (Figs. 4 and 5) confirmed ANOVA results
(Figs. 1 to 3), in that comparison of 1993-1995 variations be-
tween areas A and B for some species groups indicated sub-
stantial changes over time. In constrast to ANOVA, results
may be interpreted for all variables together. For instance,
in the case of piscivores, projection on the first component
showed that density decreased more in B that in A (Fig. 4a),
while projection on the second component showed that mean
size increased substantially in A, while it decreased in B.
Species richness of the piscivore group had the same pattern
as density, however no corresponding eﬀect was found signif-
icant in linear models. Variations for herbivores, macrocarni-
vores, zooplankton feeders (Fig. 4a), Lethrinidae, Lutjanidae,
Serranidae, Pomacentridae, Labridae (Fig. 4b) and LHT cat-
egories 1, 2 and 6 (Fig. 5a) may be interpreted in a similar
way. Another illustration is provided by the adult size criterion
(Fig. 5b). The significant ANOVA eﬀect for large species (XL
in Fig. 2b) is also noticeable in Figure 5b by the small vari-
ations on the first component which essentially explain mean
size. In addition, the first component explained a much larger
fraction of the total variance than the second component (see
axes of Fig. 5b). Variations on the second component appeared
consistent accross adult size categories, with the exception of
the slight increase of XL group in area A. However PLS results
were only significant for the S group.
Fig. 4. Projections of variables on the first two components of the
Partial Least Square model in the case of the trophic criterion (a),
and in the case of the taxonomic criterion (b). Log (density), log
(biomass), species richness and mean size were variables, while the
other variables corresponded to combinations of categories of species
group, year and area and were used to explain the Y variables. These
X variables were coded as binary variables in the PLS model. Ar-
rows indicate the temporal variations between the X variables that
are significant in the PLS model. The percent variance explained by
each component for the whole set of variable was reported between
parentheses on the Y- and X-axes. The percent variance explained by
the first two PLS components for each variable was a) in the case
of trophic criterion: biomass (29%, 17%), density (60%, 3.8%), rich-
ness (70%, 3.8%), mean size (12%, 50%); b) in the case of taxonomy
criterion: biomass (41%, 11%), density (62%, 0.7%), richness (67%,
10%), mean size (0.02%, 38%).
5 Discussion
5.1 Interpretation of results for the Abore reef fish
community
The models show a number of cases where no impact of
the opening of fishing could be evidenced. These included the
mobility criterion, which surprisingly never showed a signif-
icant eﬀect. In the literature, mobility is generally thought as
an important criterion for determining species sensitivity to re-
serve status. For the most mobile species this can be due to the
fact than the area open to fishing is adjacent to the protected
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Fig. 5. Projections of variables on the first two components of the
PLS model in the case of the LHT criterion (a), and in the case of
the adult size criterion (b). Log (density), log (biomass), species rich-
ness and mean size were (Y) variables, while the other variables cor-
responded to combinations of categories of species group, year and
area and were used to explain the Y variables. These X variables were
coded as binary variables in the PLS model. Arrows indicate the tem-
poral variations between the X variables that are significant in the
PLS model. The percent variance explained by each component for
the whole set of variables was reported between parentheses on the Y
and X-axes. The percent variance explained by Y variables was a) in
the case of LHT criterion: biomass (33%, 15%), density (61%, 8%),
richness (71%, 0.1%), mean size (57%, 33%); b) in the case of tax-
onomy criterion: biomass (84%, 0.3%), density (49%, 3%), richness
(23%, 14%), mean size (57%, 33%).
area. On the opposite, territorial and sedentary species are the
least targeted by fishing and therefore no reserve status eﬀect
were expected nor found. The biomass variable also appeared
to be less aﬀected by reserve status than the other variables,
probably because of the larger variance of this variable.
In contrast to mobility, significant eﬀects due to reserve
status could be evidenced for other criteria (Table 7). In a num-
ber of cases, only 1st order eﬀects were significant, i.e. the
opening of fishing aﬀected all species groups in a similar way
for the criterion considered. For instance, a positive eﬀect on
species richness was observed whatever the criterion, with the
exception of mobility. Positive eﬀects were also observed for
this variable in other studies (e.g. Letourneur 1996; Wantiez
et al. 1997; Johnson et al. 1999). However in the literature
species richness was often found to be less sensitive to reserve
status than density, size or biomass. In this study, species rich-
ness was sensitive to the impact of the opening of fishing, but
only at the community level. We hypothesize this might be re-
lated to the relative robustness of this variable which is based
on presence/absence of species compared with mean size or
density which are liable to be influenced by a few large val-
ues. An impact of reserve status may then appear on the whole
fish community, but not at species groups levels. As for other
variables, significant 1st order eﬀects were observed in a few
cases (Table 7), say global mean size and global biomass for
the trophic criterion, and global density for the adult size cri-
terion. These eﬀects were all positive.
In other cases, significant 2nd order eﬀects were evidenced
(Table 7). Most eﬀects were positive eﬀects of reserve sta-
tus. Corresponding species groups included Lethrinidae, top
predators (macrocarnivores and piscivores), which were also
large long-lived species (XL group and LHT groups 5 and
6). The density, mean size and biomass of these species were
all positively impacted by reserve status, or equivalently neg-
atively impacted by the opening of area B to fishing. Note
that all observed Lethrinidae were macrocarnivores. Herbi-
vores and Siganidae were also positively aﬀected (note that
Siganidae are either herbivore or microherbivore species).
Consistently with existing literature (see e.g. Russ and Alcala
1996; Chiappone et al. 2000), we assume that positive eﬀects
on all these species groups were due to the fact they were
target species for fishers. In a few cases, 2nd order eﬀects
were negative eﬀects of reserve status. These corresponded
to Acanthuridae density and to the mean size of short and
medium long-lived species (LHT groups 2 and 4). In the first
case, density decreased in A and increased in B, while in the
second case, mean size increased in both areas, but less in A
than in B. Such negative eﬀects on family density have already
been observed in several cases, e.g. for Mullidae and Labridae
(Letourneur 1996), and Acanthuridae (Wantiez et al. 1997).
In some cases, a priori expected 2nd order eﬀects were not
observed, e.g. for mean size per trophic group and per fam-
ily, and also for density per LHT. A decrease in the mean
size of top predators and a larger impact on large long-lived
species would seem intuitive. There are several possible ex-
planations to these results. First, the behaviour of some species
groups, in particular those targeted by fishing, may be aﬀected
by the presence of observers or fishers. Second, several fish
species, and particularly top predators, are not fished in New
Caledonia, due to problems of ciguatera poisoning. The third
possible explanation is that most large species display natu-
rally low densities and that the sampling eﬀort was to suﬃcient
to detect changes. An additional explanation for mean size is
that a 3 year period of time is not suﬃcient to allow species
with slow growth to increase substantially in length.
5.2 Potential indicators for reserve impact assessment
Previous results provide elements for proposing variables
and criteria that are suitable to assess the impact of reserve
status upon fish community. First, species richness is a good
candidate, because it is very well modelled by GLM and PLS
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Table 7. Summary of significant eﬀects of reserve status for all variables and all criteria. “A” is the closed area and “B” the area opened between
1993 and 1995. Global means that the eﬀect was the same for all species group (1st order eﬀect).
Variation Trophic Taxonomic Adult size LHT
↑A and ↓ B macrocarnivore Lethrinidae XL mean size mean size of
density density global species groups 1, 5 and 6
global mean size richness
global density
↑↑A and ↑B mean size
of group 3
Positive →A and ↓ B global species global species
eﬀects of richness richness
reserve ↓ A and piscivore density Siganidae biomass of
status ↓↓ B herbivore density density group 6
global biomass global species
richness
Negative ↓ A and ↑B Acanthuridae mean size of
eﬀects of density group 4
reserve ↑A and ↑↑B mean size of
status group 2
regressions, and richness at the level of the whole fish com-
munity is sensitive to the impact of the opening of fishing.
Other possible indicators pertain to particular species groups.
Relationships between species groups relative to distinct cri-
teria lead us to propose on the one hand, Lethrinidae density,
Siganidae density, and piscivore density, and on the other hand,
the mean size of large species and the mean size of long-lived
species. These potential indicators were negatively aﬀected by
the opening of fishing, and should be positively aﬀected by re-
serve status. Note that Lethrinidae density and the mean size
of large long-lived species were always positively impacted in
area A. In contrast, Acanthuridae density could also be consid-
ered as in indicator that is negatively aﬀected by reserve status.
Results of ANOVA and GLM indicate that the opening of
fishing significantly impacts several variables that pertain to
diﬀerent ecological eﬀects. Overall, these eﬀects are consistent
with expected increases in species richness, density, mean size
and biomass, within the protected area. PLS results confirm
that several measures of fish community attributes are inde-
pendently aﬀected because the impact of the opening of fish-
ing is well represented on bipolar components of the model.
For instance, we often observed an impact on density and rich-
ness for one component, and an impact on mean size on the
other component. It is thus necessary to consider complemen-
tary indicators to take account of the diversity of impacts at the
community level. Beyond the choice of variables sensitive to
reserve status, our results showed that species groups are di-
versely aﬀected depending on criteria considered for partition-
ing the community. Furthermore, sensitivity to the opening of
fishing depended on both criterion and variable. Several com-
binations of criterion and variable corresponded to intuitively
expected eﬀects, whereas others were either not observed be-
fore or do not correspond to intuition.
When defining ecological indicators, it is also neces-
sary to take into consideration the accuracy and precision of
candidate variables. Global species richness may be seen as a
robust measure of the global abundance of the whole fish com-
munity because it relies on presence/absence data. In contrast,
density and mean size variables are less robust in that they are
quantitative measurements which are more sensitive to a few
outlying observations. Furthermore, density and mean size are
subject to potential systematic error like multiple counting of
the same fish. Additional measurement error occurs in the case
of mean size due to a lack of precision on size estimation. All
variables are aﬀected by observability issues related to species
behaviour, e.g. attraction or fear of observer, and cryptic or
nycthemeral behaviour (Kulbicki 1998b). Estimation errors in
variables were not explicitly modelled here.
The method used relies on inferential models including
factors that are deemed to be explicative of the spatial varia-
tions of abundance, size and diversity of fish community. Habi-
tat appears as a determining factor in this respect, since mod-
els revealed several significant habitat eﬀects. Accounting for
habitat is necessary to avoid confusion with eﬀects of reserve
status. Using PLS regressions allows to confront within a sin-
gle model a criterion to a range of diﬀerent variables, and to
stress their relationships with factors linked to reserve status.
It should be noted that our analysis was aimed at evaluating
the impact of an opening to fishing rather than a reserve ef-
fect. The opening to fishing is expected to result in a quick
change in biological variables in the exploited area, due to the
removal of large individuals (decreases in mean size and in
density, and consequently in biomass). In contrast, the reserve
eﬀect corresponds to a rebuilding of fish community which is
expected to result in a slower increase of those variables in the
protected area. Assessment of the impact of fishing is prob-
ably more direct on the short term, particularly because the
opening induced a sharp increase in fishing intensity. In addi-
tion, in the case of Abore, the age of the reserve (3 years) may
not have been suﬃcient to already observe restoration eﬀects
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on the whole fish community. Our approach may be applied
to other cases of reserve with other kinds of fish community,
provided that the experimental design is appropriate for con-
structing an inferential model and testing eﬀects of reserve sta-
tus. More generally, it can be applied to any kind of ecological
impact that is spatially constrained.
The present analysis is a first step towards the definition of
ecological indicators for assessing the impact of reserve status
on the Abore reef fish community. It enabled us to evaluate
the sensitivity of ecological variables to the opening to fishing,
but it does not provide comparison accross criteria. Possible
ways to go further could consist in combining criteria based
on appropriate weighting.
Ecological indicators are helpful to analyse changes in fish
community, but they should be an operational tool to assist
management decisions. Progresses in the definition of ecolog-
ical indicators for the Abore reef reserve, and more generally
for all the reserves of the Noumea lagoon need further data
analysis and modelling, but they mostly require collaborative
work with the managers.
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